A 3D OBC survey was acquired over an offshore Field in Abu Dhabi, Middle East during 2000. The acquisition geometry of the survey provides data that is well sampled with respect to azimuth and offset range. Sensitivity analysis indicated that the data is suitable for azimuthal Pwave AVO studies. Data processing was designed to preserve offset-azimuth amplitude variations. A subset of the 3D data volume was extracted for azimuthal P-wave AVO analysis. The results suggest that there is a dominant trend of open fractures within the study volume.
The data were acquired using dual-sensor OBC as a series of high-fold patches. A typical patch consisted of four receiver lines separated by 300m with shot-lines spaced at 400m orthogonal to the receiver lines. The receiver spacing was 50m and the shot-point spacing 25m. On the next patch the receiver lines were moved up by two and shots were recorded using shot-lines interleaving the shot-lines on the previous patch, giving an effective shot-line spacing of 200m. This is illustrated in Figure 1 . Figure 2 illustrates the standard offset distribution and the 2D offset (offsetazimuth) distribution for a typical CMP gather from the survey. There is an underlying rectangular sampling of offset in x and y components, so that effectively all azimuths are uniformly and equally sampled, making the data suitable for azimuth-dependent processing techniques and analysis. Data processing prior to AVO analysis was designed to preserve the offset-azimuth amplitude variation. In particular this included FKK noise attenuation applied to cross-spreads and high-resolution, Radon demultiple within azimuth bins
Azimuthal P-wave AVO: Theory
Recently, several studies [eg. Gray & Head (2000) , AlShuhail and Watkins (2000) ] have used variations in azimuthal P-wave AVO to estimate subsurface fracture orientations. The case histories assume that the subsurface fracture distribution can effectively be modeled by a series of vertically aligned parallel fractures and cracks. The predominance of such a fracture distribution arises from the presence of a significant deviatoric stress field. Such stresses preferentially open cracks and fractures aligned in the direction of the maximum compressive stress and close cracks and fractures oriented in the direction perpendicular to this.
A medium consisting of locally parallel open vertical fractures in an otherwise isotropic material is transversely isotropic with a horizontal axis of symmetry. Ruger & Tsvankin (1997) ani attribute provides an estimate of the strength of the anisotropy. It is the maximum difference in the AVO gradient over all the azimuth ranges. It can be related to the crack density. The φ sym attribute gives the orientation of the symmetry axis. This direction is perpendicular to fracture strike. Note, also, that i is the incident angle and φ is the azimuth of the ray path. The geometry of the azimuthal P-wave AVO response is shown in Figure 3 .
The cosine-squared term in equation (1) . In other words if we know whether the strength of anisotropy increases or decreases across an interface then we can uniquely determine φ sym . If this information is not available then some other source of information is required to resolve the ambiguity. One way of doing this is to incorporate moveout velocities derived from velocity analysis into the fracture orientation estimation process (Tsvankin, 1997) .
Azimuthal P-wave AVO: Application
Prior to applying the method to data, a sensitivity analysis was performed in order to evaluate whether the acquisition geometry provided data with a sufficient range of azimuths and offsets for a stable application of azimuthal P-wave AVO analysis. Figure 4a shows the offset-azimuth distribution for a typical CMP bin. The azimuths vary in a quite irregular manner over the offset range out to 4500 metres. We see that two adjacent offsets can have widely differing azimuths.
Synthetic data were generated using this geometry. Reflectivities were computed using equation (1); A was set to 0.1, B iso was set to -0.12; B ani was set to 0.1 and φ sym was set to 68 0 giving a fracture orientation of -22 0 . Incidence angles were generated for the target depth of the study area. They were computed based on the acquired offsets and interval velocities derived from velocity analysis. The synthetic data as a function of incidence angle is shown in Figure 4b . Also, a hundred data sets of random noise were generated and added to the computed reflectivity. An example of a noise train is shown in Figure 4c . This provides 100 'noisy' data sets from which we extract fracture orientation. The results are shown in Figure 4d . The fracture orientations are plotted in plan view as vectors. The bold arrow in the centre of the plot defines the exact fracture orientation (-22 0 ) given in the model. The results demonstrate that estimates of the fracture strike are robust even in the presence of significant random noise. From this we conclude that the acquisition geometry is very well suited for azimuthal P-wave AVO analysis.
The azimuthal P-wave AVO analysis was carried out on an 18 x 18 patch of bins selected from the 3D volume. The sub-line spacing is 25 metres and the cross-line spacing is 12.5 metres, so the data subset spans a lateral area of 225 x 450 metres. Supergathers were generated from 3x3 bins centred at each bin location. Amplitudes were extracted across the offset/azimuth ranges for selected events and azimuthal P-wave AVO analysis was carried out. Figure 5a shows maps of estimated fracture orientations for four events with peaks at 1.5, 2.0, 2.3 and 2.5 seconds TWT. The estimated fracture orientation is remarkably uniform over the 18x18 grid and also within the TWT range defined by the events. The fracture orientation generally trends either in a predominantly N 10 0 E or S 80 0 E direction (we only show the former orientations). Within this trend small local variations exist. The results of sensitivity analysis suggest that most of these may be accounted for in terms of noise. In Figure 5b the fracture orientations are weighted by the estimated attribute, | B ani |, such that the vector length gives a measure of the strength of anisotropy; the longer the vector the greater the impact of the anisotropy. These maps suggest that contrasts in crack density are more significant for the deeper events at 2.3 and 2.5 seconds. Also, there are marked lateral variations in this attribute at these deeper levels. These local changes of crack density are, perhaps a consequence of small-scale variations in lithology.
The consistent trend in fracture orientation suggests that deviatoric stresses are acting uniformly over the TWT range defined by the selected events in the sub-volume. The general increase in the crack density with depth may reflect varying lithological characteristics of the rocks under this stress regime.
Conclusions
Azimuthal P-wave AVO analysis was carried out on a subset of data from a 3D OBC data set acquired over the survey area. The results indicate that there is a consistent trend in the direction of fracture orientation and that the crack density is more marked for deeper horizons at 2.3 and 2.5 seconds TWT. Lateral changes in crack density suggest small-scale variations in the lithological characteristics of the rocks at these levels. 
